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Abstract.-Many published phylogenies are based on methods that assume equal nucleotide composition among taxa. Studies have shown, however, that this assumption is often not accurate, particularly in divergent lineages. Nonstationary sequence evolution, when taxa in different lineages evolve in different ways, can lead to unequal nucleotide composition. This can cause inference methods to fail and phylogenies to be inaccurate. Recent advancements in phylogenetic theory have proposed new models of nonstationary sequence evolution; these models often outperform equivalent stationary models. A variety of new phylogenetic software implementing such models has been developed, but the studies employing the new methodology are still few. We discovered convergence of nucleotide composition within mitochondrial genomes of the insect order Coleoptera (beetles). We found variation in base content both among species and among genes in the genome. To this data set, we have applied a broad range of phylogenetic methods, including some traditional stationary models of evolution and all the more recent nonstationary models. We compare 8 inference methods applied to the same data set. Although the more commonly used methods universally fail to recover established clades, we find that some of the newer software packages are more appropriate for data of this nature. The software packages p4, PHASE, and nhPhyML were able to overcome the systematic bias in our data set, but parsimony, MrBayes, NJ, LogDet, and PhyloBayes were not. [Base compositional heterogeneity; Coleoptera; LogDet; model of evolution; nonstationary evolution; nucleotide composition; phylogeny.] Most traditional models of DNA evolution invoke the "stationarity assumption," which implies that base composition is constant over all lineages in the data set (Galtier and Gouy 1995) . This is a valid assumption for some data sets; however, when the assumption is violated, phylogenetic methods can inaccurately group species whose base composition is similar, regardless of evolutionary history (Collins et al. 1994; Lockhart et al. 1994; Ho and Jermiin 2004; Jermiin et al. 2004; Cox et al. 2008) . Although there has been argument as to the magnitude of the problem (van den Bussche et al. 1998; Conant and Lewis 2001; Gruber et al. 2007 ), its existence is widely accepted. The easiest solution is simply to avoid nonstationary genes (Collins et al. 2005) , but this is not always possible. A distance-based transformation method known as LogDet/Paralinear distances (Lake 1994; Lockhart et al. 1994) can correct for compositional bias and is commonly used (e.g., Gibson et al. 2005; Gruber et al. 2007 ), but its effectiveness is not universal (Foster and Hickey 1999; Tarrío et al. 2001) . Data recoding is also widely used in several forms, such as amino acid translations (Loomis and Smith 1990) , RY coding (Brown et al. 1982; Phillips and Penny 2003) , discarding/downweighting third codon positions (e.g., Chang and Campbell 2000; Delsuc et al. 2003) , or Dayhoff coding (Hrdy et al. 2004 ). Such methods are usually able to overcome bias problems, but they also discard useful signal and can introduce artifactual relationships Tarrío et al. 2000; Cameron et al. 2006; Fenn et al. 2008) .
Recently, several complex statistical approaches have been proposed and implemented in software such as p4 (Foster 2004) , nhPhyML (Boussau and Gouy 2006) , PHASE (Gowri-Shankar and Rattray 2007), and Phy-loBayes (Blanquart and Lartillot 2006) . nhPhyML is a maximum likelihood method based on the evolutionary model of Galtier and Gouy (1995) , which models nonstationary evolution by specifying a different GC content for each branch in the tree. In p4, PHASE, and PhyloBayes, varying numbers of "composition vectors" model nonstationary evolution in a Bayesian framework. These software packages have all been shown to succeed in some cases; however, their efficacy has not been thoroughly tested using real data sets.
Although theoretical and simulation studies have identified and explored the problem relatively thoroughly (Galtier and Gouy 1995; Jermiin et al. 2004) , there have only been a handful of studies applying available methods to real data sets. Of the few such studies, most are based on widely divergent taxa because convergent nucleotide composition is more common and noticeable in divergent lineages (e.g., Loomis and Smith 1990; Galtier and Gouy 1995; Herbeck et al. 2005) . Less often, studies uncover the issue at lower levels such as within Lepidoptera or Mammalia (van den Bussche et al. 1998; Gibson et al. 2005) or even within the genus Drosophila (Rodríguez-Trelles et al. 1999; Tarrío et al. 2000) . Most of these studies have focused on the effect of compositional bias in relatively few genes. How compositional bias can affect 382 SYSTEMATIC BIOLOGY VOL. 58 phylogenetic inference in complex heterogeneous data sets has not been explored thoroughly (but see Collins et al. 2005; Gibson et al. 2005; Rodriguez-Ezpeleta et al. 2007) .
We investigated the effect of base compositional heterogeneity in phylogenetic reconstruction using mitochondrial genome (mtgenome) data of the insect order Coleoptera (beetles). We have previously described complete mtgenomes for 6 beetle species (Sheffield et al. 2008) and found that there is considerable variation in base composition among beetles. When we constructed a preliminary phylogeny of Coleoptera using both parsimony and Bayesian methods, we found some unexpected groupings. Because mtgenome data are known to be capable of resolving insect ordinal relationships accurately (see also Rubinoff and Holland 2005; Cameron et al. 2007; Fenn et al. 2008) , we investigated the cause of the surprising preliminary results.
In particular, we noticed 3 unusual relationships in our initial analysis. First, the preliminary analyses placed Tetraphalerus bruchi within the suborder Polyphaga. Tetraphalerus is a member of a family Ommatidae, 1 of 3 extant families of the basal suborder Archostemata (Lawrence and Newton 1982; Beutel et al. 2008) . Archostemata is recorded from the Mesozoic, with at least 13 known extinct species from the Jurassic and Cretaceous, and thus represents one of the oldest living lineages of Coleoptera (Crowson 1960; Ponomarenko 1969; Beutel et al. 2008) . Archostemata contains mostly wood-boring beetles and its monophyly is well supported by several synapomorphies, including the reduction of the anterior tentorial arms, the reduction of the frontoclypeal suture, the distinctly reduced mentum, a median ridge on the first abdominal ventrite, and other adult and larval features (Beutel et al. 2008) . Beutel and Haas (2000) found Archostemata to be sister to the remaining Coleoptera based on morphological data, and Hughes et al. (2006) found the same relationship based on a phylogenomic analysis using 66 ribosomal protein expressed sequence tags (ESTs). The most comprehensive molecular phylogeny of Coleoptera to date found that Archostemata was sister to Myxophaga. Therefore, it is likely that placement of Tetraphalerus within Polyphaga is erroneous. Second, our initial analyses found that the monophyletic Tenebrionidae did not group with other cucujiform taxa, thereby rendering the infraorder Cucujiformia paraphyletic. Cucujiformia is a diverse clade within Coleoptera that contains more than half of all beetles and includes weevils, darkling beetles, leaf beetles, and longhorn beetles. Its monophyly is strongly supported morphologically by cryptonephridic Malpighian tubules (Poll 1932; Stammer 1934) , nonfunctional and reduced spiracles on eighth abdominal segment (Crowson 1960) , and other characters (Wachmann 1977; Caveney 1986 ). Both the EST study (Hughes et al. 2006 ) and the molecular phylogeny ) unambiguously found Cucujiformia monophyletic and Tenebrionidae to belong to this group with high support values. Therefore, a paraphyletic Cucujiformia as found in our preliminary analyses is likely incorrect. Finally, our analyses failed to recover a monophyletic Elateroidea because the elaterid Pyrophorus divergens formed a strong group with other polyphagans belonging to different lineages. The monophyly of Elateroidea sensu Lawrence (1988) is supported by a single pair of welldeveloped stemmata in larvae and the presence of only 4 Malpighian tubules in adults and has also been consistently supported by molecular data (Bocakova et al. 2007; Hunt et al. 2007 ). Therefore, Elateridae falling outside of the remaining Elateroidea is probably inaccurate. Other relationships derived from the preliminary analyses were difficult to assess given that single representatives from diverse lineages were included. We suspected that the incorrect groupings with high support values might be because a number of divergent taxa share similar base composition.
Herein, we test our data set for compositional heterogeneity (among species and among genes) that may cause incorrect phylogenetic relationships. Using the 3 relationships described above as indicator relationships of correct topology, we examine several commonly used phylogenetic inference methods (distance, parsimony, and Bayesian) and explore a number of methods that are designed to overcome the systematic bias arising from nonstationarity. We focus our comparison on modelbased methods because these methods have not been thoroughly compared using empirical data. We also present the result of amino acid recoding here for comparison. We demonstrate that there is compositional heterogeneity among species and that it is distributed in a complex manner among the 13 protein-coding genes of the mtgenome. We show that standard phylogenetic methods consistently fail to recover the correct topology, whereas some of the new methods that explicitly account for the bias can overcome the problem.
MATERIALS AND METHODS

Taxon and Character Sampling
Eighteen taxa were analyzed in this study, including 13 coleopteran in-group and 5 out-group (3 lepidopteran and 2 dipteran) taxa (Table 1) . We sequenced complete coding regions from 5 new coleopteran species for this study: Chauliognathus opacus (Cantharidae), Adelium sp. (Tenebrionidae), Apatides fortis (Bostrichidae), Lucanus mazama (Lucanidae), and Acmaeodera sp. (Buprestidae) (GenBank accession numbers FJ613418-FJ613422; Table 1 ). Descriptions of these new mtgenomes are presented in Appendix Table A1 . The in-group sampling represents 2 suborders (Archostemata and Polyphaga), 4 infraorders, 8 superfamilies, and 12 families within Coleoptera.
We generated the complete mtgenomes used in this study using the primer-walking protocols of Cameron et al. (2007) modified for Coleoptera (primers available from H.S.). We annotated the new mtgenomes using MOSAS (http://mosas.byu.edu), following Sheffield et al. (2008) . For the present study, we used all 13 protein-coding genes for phylogenetic analysis. We aligned nucleotide sequences for each gene individually with MUSCLE (Edgar 2004 ) and concatenated the alignments to form a single matrix consisting of 11 633 aligned nucleotide characters, which we used throughout the study. We also aligned amino acid translations of each gene separately and used the concatenated amino acid data matrix (3880 characters) to examine the effect of amino acid recoding. To test how nucleotide alignment might affect our results, we back translated the amino acid alignments into nucleotide sequences using ClustalW as implemented in MEGA 4.0 (Tamura et al. 2007 ). The resulting matrix after concatenation of individual alignments consisted of 11 655 nucleotide characters
Assessment of the Degree of Heterogeneity
We calculated base composition of each taxon for each of the 13 protein-coding genes as well as that of the final concatenated data set. Because AT% (or reciprocal GC%) represented the compositional bias the best (Fig. 1) , we compared the calculated AT% for each gene among the beetle species included in this study. We mapped the total AT% for each species onto the resulting phylogeny to examine the distribution pattern of compositional bias.
To measure the variation in evolutionary pattern, we calculated the disparity index (I D ) (Kumar and Gadagkar 2001) for all 13 genes together and pairwise. We also tested the homogeneity of substitution pattern (I D test) using a Monte-Carlo method with 1000 replicates as implemented in MEGA 4.0 (Tamura et al. 2007 ). We calculated the probability of rejecting the null hypothesis that sequences have evolved with the same pattern of substitution at α < 0.01. All positions containing gaps and missing data were removed from the data set (complete deletion option).
Phylogenetic Analyses and Comparison of Methods
We analyzed the data using several different inference methods to compare the effect of base compositional heterogeneity. We measured topological accuracy by the presence of the 3 indicator relationships: 1) a sister relationship between monophyletic Archostemata and Polyphaga, 2) a monophyletic Cucujiformia (Tenebrionidae grouping with other cucujiform taxa), and 3) a monophyletic Elateroidea. Because these relationships are well established, deviations serve as an indicator of misleading phylogenetic signal. Due to limited taxon sampling in our analysis, we were less concerned about the internal relationships within these clades. Our aim in this study was not so much to explore the relationships within Coleoptera, which would require more extensive taxon sampling, but to determine the most robust methods against the systematic bias.
For our analysis, we divided the methods into 2 groups. The first group consisted of methods not designed to deal with compositional bias, and we call these approaches "time homogeneous." We analyzed the data set in a conventional manner using distance, parsimony, and Bayesian methods. We performed neighbor joining (NJ) in PAUP* 4b10 (Swofford 2002) under several distance models (JC, HKY85, and GTR), both with and without gamma-distributed among-site rate heterogeneity, each with 1000 bootstrap replicates to assess nodal support. For the parsimony analysis, for each nucleotide alignment, we performed 1000 random addition heuristic search replicates for each of 100 bootstrap iterations in PAUP* 4b10 (gaps were treated as missing). We also ran the parsimony analysis on the amino acid alignment to determine the effect of data recoding. For the Bayesian analysis, we performed a partitioned model analysis with a separate GTR + G + I model for each gene (per recommendation by MrModelTest version 2; Nylander 2004) and ran 4 separate runs each with 4 chains for 10 million generations, sampling every 1000 trees in MrBayes 3.1.1 (Ronquist and Huelsenbeck 2003) . We repeated this analysis after partitioning the data by codon position (instead of by gene) as well. We plotted the likelihood trace in R (R Development Core Team 2008) and examined sliding and cumulative split posterior probabilities using AWTY (Nylander et al. 2008) for each run to assess convergence and discarded the first 1 million generations as burn-in.
We also analyzed the data set using robust methods that have been designed to account for compositional bias, which we call "time heterogeneous" approaches. We performed a NJ analysis under a LogDet transformation (Lockhart et al. 1994) . Because the LogDet transformation is known to be affected by inclusion of invariable sites (Steel et al. 2000) , we estimated the proportion of invariable sites under various models of sequence evolution (F81, F81 + G, HKY85, HKY85 + G, GTR, and GTR + G) and removed the estimated proportions for the LogDet analyses. In a likelihood framework, we used the nonstationary nonhomoge-neous model of evolution of Galtier and Gouy (1998) as implemented in nhPhyML (Boussau and Guoy 2006) . Although recent improvements have increased the treesearching capabilities in nhPhyML, search space is still limited. Studies employing this model have been restricted to testing the likelihood of opposing hypotheses (trees) rather than relying on tree search to yield the maximum likelihood estimate. Because this software required an input topology, we supplied 2 rooted trees, one from the LogDet analysis and another from the p4 analysis (see below). We used nhPhyML-Discrete limited to 4 base content frequency categories and with a 4-category discrete gamma model of among-site rate variation. We also tried other settings for nhPhyML such as ignoring among-site rate variation and using a continuous range of equilibrium frequencies. To analyze the data from a nonstationary Bayesian framework, we used 3 different software packages: p4 v.0.85-0.86 (Foster 2004 ), PhyloBayes 2.3 (Blanquart and Lartillot 2006) , and PHASE 2.1alpha (Gowri-Shankar and Rattray 2007). For our p4 analysis, we adjusted tuning numbers by hand during preliminary runs to achieve acceptance proportions near 40% for most proposals (topology changes stayed near 5%). We used a single GTR + I + dG model with 4 gamma categories and 3 composition vectors. We performed 3 runs with 4 chains each for 3 million generations, sampling every 1000 trees. We discarded the first 2 million generations as burn-in. For PhyloBayes, we performed 2 runs for each of 4 analyses using the following parameter combinations: -cat -gtr, -cat -poisson, -ncat 3 -gtr, and -ncat 3 -poisson. Each run continued for 10 000-30 000 points (differences in computational requirements changed the length of the runs). The alpha version of PHASE 2.1 includes a reversible jump algorithm that allows a variable number of composition vectors to be used to describe the data. We performed random seed and initial number of composition vectors (1, 2, 5, and 10) for each iteration. We discarded the first 3 million generations as burn-in. For these Bayesian runs, we assessed convergence by monitoring log likelihood traces using R (R Development Core Team 2008), cumulative and sliding window split frequencies using AWTY (Nylander et al. 2008) , across-run topology consensus trees, and the PhyloBayes bpcomp run comparison utility.
RESULTS
Level of Base Compositional Heterogeneity
The total AT% of all included coleopteran species ranged between 65.63% and 78.19% with a mean of 71.41 (±4.88)%. The 5 out-group taxa had a total AT% between 76.00% and 79.58% with a mean of 78.02 (±1.54)%. Among beetles, Acmaeodera, Apatides, Lucanus, Pyrophorus, Tetraphalerus, and Tribolium had total AT% below 70%. Other beetles with the exception of Adelium (70.42%) had higher AT% than the out-groups. When we compared base composition for individual genes, there was a considerable amount of interspecific variation (Fig. 7) .
We made 153 pairwise comparisons to calculate the I D . When we compared all 13 protein-coding genes simultaneously, 142 comparisons had a statistically significant heterogeneous substitution pattern (Table 2 ). In general, the I D was low between the taxa that were near the average of 75% AT and very high between the taxa with wider ranges of AT%. Interestingly, the I D was consistently low between the taxa with low AT%, regardless of their phylogenetic position within Coleoptera, suggesting that the pattern of substitution evolved multiple times. The I D test on the individual genes suggests a high level of variation in the substitution patterns among different mitochondrial genes, although some of this variation can be explained by gene length (Table 3) . The overall pattern was consistent in that the I D was low between the taxa with low AT% across all 13 proteincoding genes. Additional research into the variation of base composition among genes would be useful for determining exactly how base composition is distributed among genes.
Time-homogeneous Approaches
If base composition were biased enough to group evolutionarily unrelated taxa, we would expect the conventional phylogenetic methods to result in incorrect topologies. The parsimony analysis resulted in a single most parsimonious tree (L = 33 854, consistency index (CI)=0.41, retention index (RI)=0.29), and the Bayesian analysis resulted in a tree with almost all nodes with posterior probability of 1.00 ( Fig. 2 ; TreeBASE accession number SN4359). The topology was nearly identical between these 2 inference methods. The parsimony analysis from the back-translated nucleotide alignment also resulted in an identical topology (L = 34574, CI = 0.41, RI = 0.29), which indicates that the effect of alignment was minimal. With AT% of each taxon mapped on to the tree, it is evident that taxa with low AT% (65-70%) grouped together. As a result, unexpected clades were recovered with high support values. First, a sister relationship between monophyletic Archostemata and Polyphaga was not recovered because Tetraphalerus grouped with polyphagans with similarly low AT%. Second, a monophyletic Cucujiformia was not recovered because 2 taxa belonging to For each gene, a total of 153 pairwise comparisons were made and shown here are the number of comparisons with the probability of rejecting the null hypothesis that sequences have evolved with the same pattern of substitution at the α < 0.01 level. The same number is also shown in the form of proportion. There is a positive correlation between the result of I D test and the length of gene (Pearson correlation coefficient = 0.8117).
Tenebrionidae (Tribolium and Adelium) grouped with other low AT% taxa, thereby forming a paraphyletic Cucujiformia with a clade formed by Cleroidea (Chaetosoma), Chrysomeloidea (Crioceris), and Cucujoidea (Priasilpha). Third, a monophyletic Elateroidea was not recovered because 1 of the 4 members of the superfamily included in the analysis (Pyrophorus) grouped with other low AT% taxa, resulting in a paraphyletic Elateroidea. Finally, 3 divergent polyphagan taxa, Apatides, Lucanus, and Acmaeodera, were closely grouped, presumably because they share similarly low AT% (although this grouping could be feasible due to small taxon sam-pling; see . The codon position partitioned Bayesian analysis yielded a similar topology, although a monophyletic Elateroidea was recovered. The other 2 unexpected relationships (the erroneous Tetraphalerus and Cucujiformia groupings) were equivalent.
Time-heterogeneous Approaches
LogDet transformation has been shown to correct for compositional bias (Lockhart et al. 1994 ), but it did not help recover the correct topology for our data set (Fig. 3) . It recovered nearly the same topology as the parsimony and Bayesian trees, and there was no substantial difference between LogDet and other distance models, with or without gamma-distributed amongsite rate variation. Removal of a proportion of invariable sites estimated under various maximum likelihood models did not have any effect on the resulting topology despite the fact that different models estimated different proportions (F81 = 0.31, F81 + G = 0.02, HKY85 = 0.31, HKY85 + G = 0.16, GTR = 0.31, GTR + G = 0.01). Thus, LogDet did not recover any of 3 indicator relationships correctly. The GG95 model, nhPhyML, had difficulty exploring tree space. Depending on the input topology, the runs sometimes selected a tree with the 3 indicator relationships or a tree similar to the parsimony (or LogDet) tree. Under nhPhyML-Discrete with gamma rates, the "correct" tree was given a higher likelihood than the "incorrect" (LogDet) tree (Fig. 4) . However, when we did not account for among-site rate variation, all the runs converged on the incorrect topology regardless of starting topology. The analyses in a nonstationary Bayesian framework performed better in terms of recovering the correct topology. All PHASE runs converged to an identical topology with all 3 indicator relationships (Fig. 5a ). Although we had some difficulty with p4 run convergence for particular clades, all p4 runs also converged on the 3 indicator relationships correctly (Fig.  5b) . The p4 consensus tree reflects some clade instability with low posterior probabilities for certain groups. Thus, PHASE and p4 recovered similar trees with all 3 indicator relationships. PhyloBayes, however, failed to recover any of the 3 indicator relationships (Fig. 5c ).
Amino Acid Recoding
Recoding nucleotide characters into translated amino acid sequences had a positive effect on phylogenetic reconstruction. The resulting parsimony tree ( Fig. 6 ; L = 13 878, CI = 0.57, RI = 0.34) recovered a monophyletic Coleoptera and correctly placed Tetraphalerus basal to the remaining Polyphaga. Within Polyphaga, Cucujiformia and Elateroidea were both correctly recovered as monophyletic groups. However, the relationships among Lucanus and Apatides, Acmaeodera, as well as Cucujiformia and Elateroidea, were not resolved.
DISCUSSION
Our study illustrates the possibility of incorrect phylogenetic inference with high support when considering a data set with base compositional heterogeneity. In an analysis of closely related species, one rarely suspects contamination from base compositional heterogeneity a priori. When an initial topology does not seem to make sense, however, the researcher examines the original data more carefully. In this study, our initial topology from conventional phylogenetic methods failed to recover established higher level relationships. These unexpected results can be caused by a number of factors other than nonstationary evolution, such as long-branch attraction (Felsenstein 1978; Bergsten 2005) , heterotachy (Kolaczkowski and Thornton 2004; Philippe et al. 2005; Ruano-Rubio and Fares 2007) , and among-site rate variation (Yang 1996; Steel et al. 2000) . A combination of these and other factors is at work in any evolutionary analysis. As such, it would be overly simplistic to assume that nonstationary evolution is the only factor affecting this or any other data set, even when mapping composition onto the topology seems to make it so clear. Our nhPhyML results illustrate this in our data set: using this method, it is not enough to solely account for compositional bias; one must also account for among-site rate heterogeneity. Along the same lines, our Bayesian analyses that account for among-site rate heterogeneity but not compositional bias end up in almost the same place as the parsimony analysis. In this data set, nonstationary evolution does appear to be one of the major confounding factors, as evidenced by the results of the I D test as well as the fact that some of the new Bayesian methods that employ nonstationary evolutionary models succeed where alternatives fail.
Unfortunately, it is not always straightforward to predict if a data set will have a problem with bias. Studies that have given exact numbers of where to expect problems, such as 10% base compositional difference (Eyre-Walker 1998), have been rebutted by other studies with data where lower differences have caused problems (Gruber et al. 2007 ). Jermiin et al. (2004) provide a thorough review of methods for assessing degree of compositional heterogeneity.
Our study demonstrates that the parsimony analysis severely suffers from the high level of homoplasy resulting from convergent evolution (Fig. 2) . In many cases, model-based methods can account for confounding factors and infer topologies that are more accurate; however, in this study, the Bayesian analysis with even the most parameter-rich models for individual gene partitions recovered a topology almost identical to the parsimony analysis (Fig. 2) . This suggests that the homoplasy is not due to factors accounted for in that model (such as among-site rate heterogeneity). Other methods that use similar models but also account for nonstationarity are able to overcome the problem. Therefore, we affirm that base compositional heterogeneity affects both parsimony and likelihood approaches.
Data recoding can be an effective means to overcome the homoplasy from nonstationarity (Loomis and Smith 1990; Nardi et al. 2001; Cameron et al. 2004 ), although some have cautioned that it can introduce artifactual relationships (Yang and Roberts 1995; Cameron et al. 2007; Fenn et al. 2008) . In this data set, amino acid recoding is an effective method of dealing with the problem. When we apply amino acid recoding to our data set in a parsimony framework, all 3 indicator relationships are recovered correctly, suggesting that the compositional FIGURE 7. Gene by gene comparison of compositional bias. Gene order shown here follows that of a hypothetical insect ancestor. Each shape is color coded to indicate its taxonomic grouping: red diamond = Archostemata (Tetraphalerus), blue square = Cucujiformia, green triangle = Elateroidea, and black circle = other Polyphaga with low AT%.
at Palacky University on June 21, 2010 http://sysbio.oxfordjournals.org bias does not extend to the amino acid level (Fig. 6 ). However, some relationships are unresolved, which indicates that a by-product of the reduced coding may be the loss of phylogenetic signal.
Many studies that recognize compositional bias in the data set employ LogDet as a means to correct the problem (van den Bussche et al. 1998; Nishiyama and Kato 1999; Waddell et al. 1999; Tarrío et al. 2000 . Phillips et al. 2004 Barrowclough et al. 2006 ). However, LogDet does not correct the bias in our data set, and, in fact, the transformation does not appear to be much better than the other NJ trees (Fig. 3) . Removal of the proportion of invariable sites with LogDet (Steel et al. 2000) did not have any effect of the final topology regardless of the model of sequence evolution used to estimate the proportion. This finding suggests that our data set contains a high level of bias that is difficult to overcome by a simple transformation of the data.
The 13 protein-coding genes may be under different selective pressures and exhibit variations in composition despite the fact that mtgenomes evolve as a single unit. The comparisons of the AT% in individual proteincoding genes results in a pattern that is difficult to generalize ( Fig. 7) . Sometimes, a species has a consistently low AT% across all genes (e.g., Tetraphalerus in Fig. 7) . Other times, only some genes have low AT%. The I D test on individual genes also confirms that the pairwise substitution patterns are highly variable across genes (Table 3 ). These observations suggest that although 2 mtgenomes may convergently evolve lower compositional bias as a whole, individual genes within each mtgenome can evolve differently, resulting in different substitution patterns. Whether or not these differences are biologically meaningful or simply the realization of stochastic variation is difficult to know, but this complex pattern of compositional bias introduces a number of issues in multigene phylogenetic analyses. Calculations that are based on the mean nucleotide composition of the combined data set do not correct the bias in individual genes that have a different bias from the whole data set (Bevan et al. 2007) . This is one possible reason for the failure of LogDet in this data set.
Although LogDet is a simple transformation of data, several recently developed models more realistically model nonstationary evolution. These new models allow the composition to differ over the tree during phylogenetic reconstruction. Thus, they can accommodate localized compositional bias and apply different model parameters accordingly. When such models are used, the compositional bias can be overcome and correct relationships can be recovered. In our analysis, both p4 and PHASE correctly recovered the 3 indicator relationships with high support. However, a similar method, Phy-loBayes, failed to recover the indicator relationships. It is unclear why PhyloBayes failed with this data set. We used several of the available options implemented in the software and each gave a different incorrect result. In theory, the implementation of the nonstationary model in PhyloBayes is more realistic than nonstationary models implemented in other software because changes in composition vector are not restricted to speciation events. In many cases, this type of model is known to fit real data better (Blanquart and Lartillot 2006) . However, for our data set, this model did not perform well. It is possible that the additional complexity of the model makes it more difficult to fit the parameters, resulting in less efficient exploration of tree space (Steel 2005) .
It is difficult to speculate why and how the bias might have originated. However, we can hypothesize that similar compositional bias can arise independently many times throughout a lineage. For instance, ∼65% AT content has evolved at least twice in 2 widely divergent lineages, Tetraphalerus (Archostemata) and Lucanus (Polyphaga). To what degree compositional bias is inherited is difficult to determine. On one hand, 2 closely related species belonging to the same family (Tribolium and Adelium) have similar compositional bias, which may suggest that this bias is a shared character originating in the tenebrionid common ancestor. On the other hand, only 1 of 4 taxa (Pyrophorus) in the superfamily Elateroidea has a distinctly lower AT bias, which suggests that this bias must have evolved after this superfamily diversified.
Our study serves as a reminder that base compositional heterogeneity can lead to incorrect phylogenetic inference. Traditionally used methods, such as LogDet, can fail to correct the bias due to lack of data partitioning, failure to account for among-site rate heterogeneity, or other problems. Reduced coding techniques can be useful in correcting the bias at the level of nucleotides but can also result in the loss of phylogenetic signal. Some newer models that account for bias in a complex data set, however, are effective at correcting the problem. Because this bias causes a systematic error, high nodal supports are in fact no indication of topological accuracy: incorrect clades are often highly supported in our study. In particular, Bayesian posterior probabilities can be misleading in the event of model misspecification (Erixon et al. 2003) . We recommend that future phylogenetic studies, especially ones based on complex data sets consisting of a large number of heterogeneous loci, examine base composition before analysis thoroughly to minimize incorrect inferences due to compositional bias.
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